We demonstrate a role for the NAD-dependent deacetylase Sirt1 in the regulation of autophagy. In particular, transient increased expression of Sirt1 is sufficient to stimulate basal rates of autophagy. In addition, we show that Sirt1 ؊/؊ mouse embryonic fibroblasts do not fully activate autophagy under starved conditions. Reconstitution with wild-type but not a deacetylase-inactive mutant of Sirt1 restores autophagy in these cells. We further demonstrate that Sirt1 can form a molecular complex with several essential components of the autophagy machinery, including autophagy genes (Atg)5, Atg7, and Atg8. In vitro, Sirt1 can, in an NAD-dependent fashion, directly deacetylate these components. The absence of Sirt1 leads to markedly elevated acetylation of proteins known to be required for autophagy in both cultured cells and in embryonic and neonatal tissues. Finally, we show that Sirt1 ؊/؊ mice partially resemble Atg5 ؊/؊ mice, including the accumulation of damaged organelles, disruption of energy homeostasis, and early perinatal mortality. Furthermore, the in utero delivery of the metabolic substrate pyruvate extends the survival of Sirt1 ؊/؊ pups. These results suggest that the Sirt1 deacetylase is an important in vivo regulator of autophagy and provide a link between sirtuin function and the overall cellular response to limited nutrients. mitochondria ͉ starvation ͉ acetylation ͉ aging M acroautophagy, referred to hereafter as autophagy, is an intracellular process that allows for the degradation of proteins and organelles (1-3). Morphologically, autophagy is characterized by the formation of a double-membrane structure termed the autophagosome. In yeast, the process of autophagy can be stimulated by the withdrawal of various nutrients, and evidence suggests that at least 16 separate autophagy genes (Atg) are ultimately required for the formation of the autophagosome and the subsequent induction of autophagy (1-3). Mammalian cells can also respond to nutrient withdrawal by inducing autophagy. Genetic studies have suggested that autophagy is required to maintain the animal's energetic needs during the small window of time immediately after birth but before neonates can get milk nutrients from their mothers (4). In addition, two recent studies have demonstrated that brain conditional knockouts of either Atg7 or Atg5 significantly accelerated the development of neuropathologies usually restricted to older animals (5, 6).
We demonstrate a role for the NAD-dependent deacetylase Sirt1 in the regulation of autophagy. In particular, transient increased expression of Sirt1 is sufficient to stimulate basal rates of autophagy. In addition, we show that Sirt1 ؊/؊ mouse embryonic fibroblasts do not fully activate autophagy under starved conditions. Reconstitution with wild-type but not a deacetylase-inactive mutant of Sirt1 restores autophagy in these cells. We further demonstrate that Sirt1 can form a molecular complex with several essential components of the autophagy machinery, including autophagy genes (Atg)5, Atg7, and Atg8. In vitro, Sirt1 can, in an NAD-dependent fashion, directly deacetylate these components. The absence of Sirt1 leads to markedly elevated acetylation of proteins known to be required for autophagy in both cultured cells and in embryonic and neonatal tissues. Finally, we show that Sirt1 ؊/؊ mice partially resemble Atg5 ؊/؊ mice, including the accumulation of damaged organelles, disruption of energy homeostasis, and early perinatal mortality. Furthermore, the in utero delivery of the metabolic substrate pyruvate extends the survival of Sirt1 ؊/؊ pups. These results suggest that the Sirt1 deacetylase is an important in vivo regulator of autophagy and provide a link between sirtuin function and the overall cellular response to limited nutrients. mitochondria ͉ starvation ͉ acetylation ͉ aging M acroautophagy, referred to hereafter as autophagy, is an intracellular process that allows for the degradation of proteins and organelles (1) (2) (3) . Morphologically, autophagy is characterized by the formation of a double-membrane structure termed the autophagosome. In yeast, the process of autophagy can be stimulated by the withdrawal of various nutrients, and evidence suggests that at least 16 separate autophagy genes (Atg) are ultimately required for the formation of the autophagosome and the subsequent induction of autophagy (1) (2) (3) . Mammalian cells can also respond to nutrient withdrawal by inducing autophagy. Genetic studies have suggested that autophagy is required to maintain the animal's energetic needs during the small window of time immediately after birth but before neonates can get milk nutrients from their mothers (4) . In addition, two recent studies have demonstrated that brain conditional knockouts of either Atg7 or Atg5 significantly accelerated the development of neuropathologies usually restricted to older animals (5, 6) .
The sirtuins are a family of NAD-dependent deacetylases that have been linked to the regulation of life span. Increased expression of Sir2 can extend the life span of model organisms, and under certain experimental conditions, it appears that the activity of Sir2 is required for the life-extending benefits of caloric restriction in organisms such as yeast and flies (7) . As opposed to these relatively simple organisms, mammalian species have seven different sirtuin family members (8, 9) . The closest relative of yeast Sir2 is termed Sirt1 in mammalian cells. We have demonstrated that mice subjected to acute overnight starvation can increase their expression of Sirt1 in certain tissues (10) . Similarly, it has been noted that chronic caloric restriction augments the level of Sirt1 (11) . These results suggest that Sirt1 may participate in some fashion in protecting cells from nutrient stress. Based on the likely role of both Sirt1 and autophagy in nutrient adaptation and the putative role of both autophagy and Sirt1 in aging and age-related pathologies, we sought to understand whether there might be a connection between Sirt1 activity and the induction of autophagy.
Results
The formation of the autophagosome is conveniently assayed in living cells and tissues by the subcellular distribution of LC3, the mammalian homolog of the yeast Atg8 gene product. Previous studies have demonstrated that the conversion of LC3-I to LC3-II through proteolytic cleavage and lipidation is a hallmark of mammalian autophagy and that a fusion protein of green fluorescent protein and LC3 (GFP-LC3) provides a useful measurement of autophagy initiation through the assay of ''LC3 dots or punctae'' (4, 12) . To assess the role of Sirt1 in autophagy, we transiently overexpressed wild-type Sirt1 or a deacetylase-inactive mutant of Sirt1(HY) in the HCT116 colon cancer cell line. As noted in Fig.  1A , wild-type Sirt1 but not the catalytically inactive mutant stimulated the conversion of endogenous LC3-I to LC3-II. Similarly, a transient increase of wild-type Sirt1 expression increased the formation of GFP-LC3 punctae, consistent with autophagosome formation [ Fig. 1 B and C and supporting information (SI) Fig. 5 ].
In agreement with previous reports that the deacetylase-inactive Sirt1 mutant can act in a dominant-negative fashion (13, 14) , expression of this mutant also partially blocked endogenous LC3-I to LC3-II conversion under starved conditions (Fig. 1D) .
In an effort to extend these results, we quantified GFP-LC3 punctae formation in wild-type and Sirt1 Ϫ/Ϫ mouse embryonic fibroblasts (MEFs). As noted in Fig. 1E , in wild-type MEFs, the switch to nutrient-depleted conditions resulted in an increase in the amount of GFP-LC3 punctae, whereas this response was markedly reduced in Sirt1 Ϫ/Ϫ MEFs ( Fig. 1E and SI Fig. 6 ). A similar reduction in autophagy was observed when the pharmacological agent rapamycin was used to stimulate autophagy in Sirt1 Ϫ/Ϫ MEFs or when Sirt1 expression was knocked down with RNAi in HeLa cells (SI Figs. 7 and 8 ). We next asked whether transient reconstitution of Sirt1 could restore autophagy in Sirt1 Ϫ/Ϫ cells. As shown in Fig. 1F , although expression of wild-type Sirt1 restored autophagy under starved conditions, expression of a deacetylase-inactive mutant of Sirt1 was unable to reconstitute activity. Transient overexpression of wild-type Sirt1 in MEFs, as was noted in HCT116 cells, was sufficient to stimulate basal autophagy under fed conditions (Fig. 1F) .
Given that Sirt1 appears to be required for both starvation-and rapamycin-stimulated autophagy, we thought it possible that Sirt1 might interact directly with components of the autophagy machinery. We therefore tested whether Sirt1 might coprecipitate with any of the 16 known autophagy gene products. Although there is limited availability of antibodies recognizing endogenous mammalian Atg gene products, we were able to find a commercially available antibody suitable for Atg7 immunoprecipitation. As noted in Fig.  2A , by using an antibody directed against endogenous Atg7, we could coprecipitate endogenous Sirt1 from HeLa cell lysates. The level of the Atg7-Sirt1 complex did not appear to change appreciably under fed or starved conditions. Similarly, Sirt1 and Atg7 appeared at least partially to colocalize within cells (SI Fig. 9 ). To extend these results further, we prepared epitope-tagged forms of several essential autophagy genes including Atg5, Atg7, and Atg8. As seen in Fig. 2B , when we immunoprecipitated Atg5, Atg7, or Atg8 we could readily detect the presence of coimmunoprecipitation Sirt1. Based on these observations, we next sought to understand whether autophagy-related proteins were potential substrate for Sirt1. As seen in Fig. 2C , by using an antibody directed against acetyllysine residues to immunoprecipitate Atg5, Atg7, and Atg8 we demonstrated that these proteins were acetylated under basal conditions and that acetylation levels were reduced under starved conditions. Levels of acetylation were also responsive to treatment with the broad-spectrum sirtuin inhibitor nicotinamide. In these experiments, acetylation was assessed by direct Western blotting with an antibody recognizing acetyllysine residues after purification of His-tagged Atg7 (Fig. 2D) or His-tagged Atg8 (SI Fig. 10 ) from transfected HeLa cell lysates. As demonstrated in Fig. 2E , purified wild-type Sirt1 could, in an NAD-dependent fashion, act as an effective in vitro deacetylase of His-tagged Atg7, whereas, as expected, addition of the deacetylase mutant was ineffective in this assay. Similar results were obtained when Atg8 was used as a substrate (SI Fig. 11 ).
We next sought to characterize further the role of Sirt1 in regulating acetylation of the proteins controlling autophagy. As seen in Fig. 3A , in HeLa cells, increased expression of wild-type Sirt1 reduced the level of protein acetylation for all Atg proteins examined. These effects were specific for Sirt1 because similar expression of Sirt3, another sirtuin family member, did not alter autophagy protein acetylation (SI Fig. 12 ). To extend these results further, we assayed the level of acetylation in wild-type and Sirt1 Ϫ/Ϫ MEFs. Consistent with a role for Sirt1 in regulating autophagy gene product acetylation, analysis of various independently isolated lines of MEFs revealed that in Sirt1 Ϫ/Ϫ MEFs, the levels of each of the Atg proteins analyzed was markedly elevated (Fig. 3B) . To confirm these results in vivo, we used our published line of Sirt1 knockout mice (15) . As initially reported, these mice usually succumb shortly after birth, so tissues were harvested from wild-type and Sirt1 Ϫ/Ϫ littermates within hours of delivery. Consistent with our analysis in MEFs, direct analysis of endogenous Atg7 in the liver, heart, and brain of wild-type and Sirt1 Ϫ/Ϫ mice revealed substantial differences in acetylation in the absence of any differences in total Atg7 protein levels (Fig. 3C ). These differences in acetylation were also present in utero because Sirt1 Ϫ/Ϫ E15.5 embryos also demonstrated increased endogenous Atg7 acetylation (Fig. 3D) .
Recent evidence suggests that the accumulation of p62 represents a convenient in vivo marker for impaired autophagy (16, 17) . We therefore assessed p62 levels in wild-type or Sirt1 Ϫ/Ϫ littermates. As demonstrated in Fig. 4A , embryonic heart tissue of Sirt1 Ϫ/Ϫ exhibited increased levels of p62. Similarly, when we analyzed neonatal tissues within the first 3 h after birth, levels of p62 were also elevated, especially within the myocardium (Fig. 4A) . In addition to the accumulation of p62, previous studies have demonstrated that the absence of autophagy leads to the accumulation of damaged organelles (17, 18) . In particular, accumulations of abnormally shaped mitochondria are a prominent feature in tissues that lack the normal autophagy clearance mechanisms (18) . Electron micrographs of wild-type and Sirt1
Ϫ/Ϫ myocardium demonstrated that mice lacking Sirt1 exhibited gross alterations in mitochondrial morphology (Fig. 4 B and C) .
We were intrigued by the observations that Sirt1 Ϫ/Ϫ animals die shortly after birth because a similar perinatal mortality has been observed in Atg5
Ϫ/Ϫ mice (4). The perinatal period is believed to require autophagy as a means of providing energy in the absence of nutrient intake (4) . Recently, it was demonstrated that energetic deficiencies caused by inadequate autophagy could be overcome, at least in part, by the delivery of exogenous pyruvate (19) . Pyruvate is the end product of glycolysis, and it can readily enter cells where it can be used as a substrate for both aerobic and anaerobic metabolism. As such, delivery of pyruvate does not restore autophagy to Atg-deficient tissues but instead mitigates the overall energy deficit. We reasoned that if Sirt1 Ϫ/Ϫ are unable to stimulate autophagy, the observed perinatal mortality of Sirt1 Ϫ/Ϫ animals might be attenuated by pyruvate delivery. We therefore mated Sirt1 ϩ/Ϫ mice and injected pregnant mothers daily with either ethyl pyruvate or PBS. We next analyzed the survival of Sirt1 Ϫ/Ϫ pups from Ϸ8-10 litters of either pyruvate-treated or PBS-treated animals. Similar to uninjected animals, PBS-treated mothers gave birth to Sirt1 Ϫ/Ϫ pups that in our facility lived on average Ͻ8 h. In contrast, in animals treated with pyruvate in utero, the mean life span of Sirt1 Ϫ/Ϫ pups was extended to Ͼ24 h (Fig. 4D) . In some experiments, we attempted to continue to deliver pyruvate to Sirt1 Ϫ/Ϫ pups, but for technical reasons we were unable to administer either PBS or pyruvate i.p. injections to these newborn animals. We do not believe this technical failure relates specifically to Sirt1 status because similar attempts in wild-type neonates was also technically difficult and led to high periinjection mortality. Previous results indicated that unfed Atg5 Ϫ/Ϫ mice usually live Ͻ12 h, and with artificial feedings, survival can only be extended to Ϸ40 h (4). Energy-responsive pathways, such as AMP-activated kinase (AMPK), indicative of an overall low-energetic state, have been shown to be activated in Atg5 Ϫ/Ϫ mice (4). To assess such pathways in our Sirt1 Ϫ/Ϫ animals, pyruvate-treated wild-type and Sirt1 Ϫ/Ϫ littermates were separated from their mother after birth to avoid any potential differences in nutrient intake. We then assessed energy homeostasis in these unfed animals at Ϸ15 h after birth. As noted in Fig. 4E , the liver of Sirt1 Ϫ/Ϫ mice demonstrated evidence for increased activation of AMPK. A similar induction of AMPK was seen in other tissues (SI Fig. 13 ). The neonatal tissues of Sirt1 Ϫ/Ϫ mice also exhibited accumulation of p62, consistent with impaired autophagy (Fig. 4E ).
Discussion
We demonstrate that Sirt1 activity is necessary for the induction of starvation-induced autophagy. In addition, transiently augmenting wild-type Sirt1 activity but not a deacetylase-inactive mutant of Sirt1 is sufficient to activate autophagy in cells even in the presence of nutrients. Essential components of the autophagy machinery interact with Sirt1, and the absence of Sirt1 dramatically increases the level of acetylation for multiple Atg-related gene products. Consistent with a requirement for Sirt1 in the execution of autophagy, embryos and neonatal mice lacking Sirt1 accumulate abnormal organelles, especially mitochondria, demonstrate increased levels of p62 and the activation of AMPK. In addition, the in utero delivery of pyruvate allows for prolonged survival of Sirt1 Ϫ/Ϫ pups. The latter results need to be interpreted with caution because there is a growing body of data suggesting that ethyl pyruvate administration might be beneficial in a number of in vivo experimental stress conditions, and numerous modes of action besides the rescue of autophagy have been proposed (20, 21) .
The simplest explanation of our results is that a starvationinduced increase in Sirt1 activity stimulates the deacetylation of the autophagy machinery. In this regard, one intriguing possibility is that the requisite covalent association between Atg5 and Atg12 that is mediated through a lysine residue on Atg5 might be a target of reversible acetylation (1) . However, to date, we have been unable to prove definitively that this residue is acetylated by using mass spectrometry (perhaps caused by insufficient recovery of the corresponding peptide), and site-directed mutagenesis of this lysine did not appreciably alter the overall acetylation of Atg5 (SI Fig. 14) . Nonetheless, one potentially attractive aspect of a Sirt1-dependent regulation of autophagy is that during starved conditions, Sirt1 activity, which is in turn dependent on NAD levels, could potentially tune the degree of autophagy to match current cellular needs with real-time metabolic status.
The accumulation of damaged proteins and organelles is believed to be an important aspect of the aging process (22) . Indeed, as mentioned, in mice conditional deletion of autophagy genes leads to accelerated age-related pathologies (5, 6) . Similarly, because the degree of autophagy both in vitro and in vivo is sensitive to nutrient availability (4, 12) , it is tempting to speculate that basal levels of autophagy might be elevated during caloric restriction (CR). This speculation is indeed supported by previous observations (23) . Our results would suggest that augmented Sirt1 expression could mimic CR conditions because both conditions would be expected to stimulate basal rates of autophagy. In this regard, it is of interest that in Caenorhabditis elegans, autophagy regulates life span (24, 25) , whereas in yeast, Sir2 is required for the life-extending effects of CR (7, 26) . Although to our knowledge there have been no genetic studies in yeast demonstrating a role for yeast Sir2 in autophagy, it is of interest to note that in Saccharomyces cerevisiae, Sir2 has been shown to be required for the proper segregation of damaged proteins between mother and daughter cells (27) . In addition, in Drosophila, a recent study has linked the activity of another deacetylase, HDAC6, to autophagy (28) . Future studies are needed to help clarify to what extent, if any, the life-extending effects of sirtuins relate to the ability of these proteins to regulate autophagy.
Because autophagy appears to contribute to a number of agerelated mammalian pathologies, including diseases of mutant protein accumulation, our results suggest that augmenting Sirt1 activity might be clinically beneficial. Interestingly, treatment with a mammalian target of rapamycin (mTOR) inhibitor to stimulate autophagy has already been shown to be effective in animal models of Huntington's disease, a rare but particularly destructive neurodegenerative disease (29) . Similarly, Sirt1 appears to protect against certain forms of neuronal degeneration (30) , and the sirtuin activator resveratrol has also been shown to be effective in models of chronic neurological disease (31) . Our results suggest that other neurodegenerative diseases and potentially a wide range of other age-related pathologies may also benefit from induction of basal autophagy through the augmentation of sirtuin activity.
Finally, it is interesting to note that we and others have demonstrated that Sirt1 can interact and regulate the activity the mitochondrial biogenesis regulator peroxisome proliferator-activated receptor ␥ coactivator 1␣ (PGC-1␣) (32) (33) (34) . Most evidence suggests that Sirt1 can augment PGC-1␣ activity and thereby increase the supply of new mitochondria. In this report, our data would suggest that by regulating autophagy, Sirt1 may also be important for the clearance of old and damaged mitochondria. Taken together, these results would imply that Sirt1 may play a pivotal role in regulating the overall flux of cellular mitochondria. Given the central role of mitochondria in the aging process (35, 36) , the role of Sirt1 in maintaining and potentially rejuvenating the pool of mitochondria may provide important insight into the overall biology of sirtuin function.
Materials and Methods
Cell Culture and DNA Constructs. HeLa cells (obtained from American Type Culture Collection) were cultured at 37°C in DMEM (Invitrogen) supplemented with 10% FBS, 100 units/ml penicillin, and 100 g/ml streptomycin (Invitrogen). MEFs were prepared in the standard fashion and maintained in DMEM supplemented with 15% FBS, 100 units/ml penicillin, and 100 g/ml streptomycin. Primary and immortalized MEFs gave similar results regarding acetylation; however, for autophagy assays only primary MEFs were used. HCT116 cells (a gift from P. Hwang, National Institutes of Health) were cultured in McCoy's 5A medium (Invitrogen) supplemented with 10% FBS, 100 units/ml penicillin, and 100 g/ml streptomycin.
Epitope-tagged Myc-Atg8 was amplified by using the Atg8-specific primers 5Ј-AGC TTC GGA ATT CCG ACC ATG CCG-3Ј and 5Ј-ATC CGG TGA GAT CTA CAC TGA CAA-3Ј and then subcloned into pCMV-Myc (Clontech) or pcDNA4-HisMax (Invitrogen). Similar methods were used to clone Atg5 by using the primer set 5Ј-GCG TCG ACT CCT GGA AGA ATG ACA GAT-3Ј and 5Ј-C GCC TCG AGT CCT TCA ATC TGT TGG CT-3Ј; Atg5 K130R using 5Ј-CA TGT ATG AGA GAA GCT GAT GCT-3Ј and 5Ј-AGC ATC AGC TTC TCT CAT ACA TGA-3Ј in addition to the primers for wild-type Atg5; and Atg7 using 5Ј-GCGA ATT CAA GAA ATA ATG GCG GCA GC-3Ј and 5Ј-CAC AGC GGC CGC ATC TCA GAT GGT C-3Ј. All Myc and His-tagged constructs were confirmed by sequencing. The FLAG-tagged Sirt1 expression vector was obtained from Addgene.
Autophagy Assays. The expression construct encoding the fusion protein GFP-LC3 was obtained by PCR amplification of a human brain cDNA library using the LC3-Atg8-specific primers 5Ј-CCG GAA TTC CCG ACC ATG CCG TCG-3Ј and 5Ј-CGC GGA TCC TGC ACT GAC AAT TTC-3Ј. The fragment was subsequently cloned in-frame by using the pEGFP-C2 expression vector (Clontech) to create the chimeric molecule.
Autophagy was visualized in HCT116 and HeLa cells and MEFs by transfection of pGFP-LC3 followed by analysis with confocal microscopy (LSM 510 Meta; Zeiss). For most experiments, the number of GFP-LC3 punctae was assessed from at least six random high-power fields. A single random Z-section was used for each field, and a minimum of 30 cells per sample were counted with triplicate samples per condition per experiment. A LC3 punctae was considered to be a totally isolated GFP-positive structure greater than Ϸ1 m in diameter. Unless stated otherwise, autophagy was induced by the replacement of full growth medium with Hanks' buffered saline solution (HBSS; Invitrogen) for 2 h in HeLa cells, 4 h in MEFs, or by treating cells with 0.2 M rapamycin (Sigma) in the presence of complete growth medium for the same period. Results except where stated represent one experiment that is representative of at least three similar experiments. In general, although the absolute number of LC3 punctae varied between experiments, the switch to starvation medium resulted in an approximate 3-fold increase in HeLa cells and a 4-to 7-fold increase in LC3 punctae in wild-type MEFs.
Immunoprecipitation and Immunoblotting. For immunoprecipitation analysis, HeLa or MEF cell lysates (2 mg) were mixed with antibodies (2 g) at 4°C overnight followed by the addition of 60 l of protein G-Sepharose (Amersham Biosciences) for 2 h at 4°C. Immune complexes were washed five times with lysis buffer [50 mM Tris (pH 7.4), 1% Triton X-100, 0.5% Nonidet P-40, 150 mM NaCl, protease, phosphatase inhibitor mixture (Sigma), and 10% (vol/vol) glycerol]. After boiling in 2ϫ sample buffer, samples were subjected to SDS/PAGE. After transfer to nitrocellulose, membranes were immunoblotted with the indicated primary antibodies, including anti-HA (11867423001; Roche Applied Science), Sirt1 (07-131; Upstate), Atg7 (XW-7984; ProSci), GFP (632375; Clontech), actin (A2103; Sigma), c-myc (SC-40; Santa Cruz Biotechnology), Atg8 -LC3 (NB100-2331; Novus), p62 (GP62; Progen), phospho-AMPK␣ (2535; Cell Signaling Technology), AMPK␣ (2532; Cell Signaling Technology), and acetyllysine (9441; Cell Signaling Technology) followed by the appropriate horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology or Pierce). Bands were visualized by enhanced chemiluminescence (Pierce). Where indicated, cells treated with 10 mM nicotinamide were harvested 14 h after exposure to the sirtuin inhibitor.
For analysis of in vivo endogenous Atg7 acetylation, embryonic tissues were harvested at E15-E16, and neonatal mouse tissues were harvested from wild-type or Sirt1 Ϫ/Ϫ littermate mice within the first several hours after birth. Whole tissues were flash frozen and subsequently thawed in lysis buffer for 1 h at 4°C. These tissue lysates were then disrupted with a sonicator XL 2020 (Misonix, Inc.) for 5 s at 20% amplitude and subsequently clarified by centrifugation at 14,000 rpm (30 min at 4°C) before further processing as described above. Atg7 acetylation was assessed directly by immunoprecipitation of 1 mg of tissue protein lysate with an acetyllysine antibody (9441; Cell Signaling Technology) and subsequent Western blotting for Atg7. To observe the conversion of LC3-I into LC3-II, HCT116 cells were incubated in HBSS in the presence of 10 g/ml pepstatin A (Sigma) and 10 g/ml E-64d (Sigma) for 6 h as described in ref. 37 .
Transfections and Immunofluorescence. HeLa cells were routinely transfected with Effectene (Qiagen) and MEFs with FuGENE 6 (Roche Applied Science) or Effectene according to the manufacturer's recommendations. The HA-tagged Sirt1 wild-type or deacetylase-inactive mutant (HY) and myc-Sirt3 have been described (32) . For the autophagy assays, cells were plated on chamber slides and then cotransfected with 0.8 g of a Sirt1 expression construct or corresponding empty vector along with 0.4 g of the pGFP-LC3 construct. Cells were visualized 24 h after transfection. For analysis of acetylation of autophagy proteins, 10-cm dishes of either HeLa cells or MEFs were transfected with 4 g of the indicated epitope-tagged Atg constructs and analyzed 24 h after transfection in the presence of full medium or after starvation.
For Sirt1 knockdown experiments, HeLa cells were transfected with either 400 nM siRNA directed against SIRT1 (Dharmacon) or a corresponding control nontargeting RNAi along with 0.8 g of pGFP-LC3. In these knockdown experiments, cells were transfected by using Oligofectamine (Invitrogen) according to the manufacturer's protocol. Cells were analyzed 36 h after RNAi transfection.
For immunofluorescence, MEFs cells were grown on Lab-tek II (Nunc) dishes and transfected with GFP-LC3 with or without Sirt1 as above. Twenty-four hours later, cells were washed with ice-cold PBS and then fixed with 4% paraformaldehyde in PBS for 10 min at room temperature. Cells were subsequently permeabilized in 0.5% Triton X-100. To detect transfected Sirt1, nonspecific sites were first blocked by incubating cells with a solution of 5% BSA and 0.05% Triton X-100 in PBS for 1 h. The cells were next incubated with the primary antibodies against the HA epitope (1:100 in 5% BSA) overnight at 4°C. Afterward, cells were washed with PBS and incubated with Alexa Fluor 594 goat anti-mouse IgG (1:250; Molecular Probes) for 1 h at room temperature. Images were recorded by using a confocal laser scanning microscope (510 Meta; Zeiss). For colocalization experiments, HeLa cells were grown on Lab-tek II and transfected with 0.5 g of FLAG-SIRT1 and Myc-ATG7. Twenty-four hours later, cells were washed, fixed, and blocked as above. The cells were then incubated with primary antibodies against Sirt1 and Myc (1:100 in 5% BSA) overnight at 4°C followed by secondary Alexa Fluor 594 goat anti-mouse IgG and Alexa Fluor 488 goat anti-rabbit IgG (1:100; Molecular Probes) antibodies.
Assays for in Vitro Deacetylase Activity. For the Sirt1-dependent in vitro deacetylase reaction, acetylated substrate was prepared by transfecting HeLa cells with expression constructs encoding either His-Atg8 or His-Atg7. We used 4 g of each construct per 10-cm dish. Twenty-four hours after transfection, cells were harvested in lysis buffer, and 2 mg of transfected protein lysates was bound to Ni-nitrilotriacetic acid-agarose beads (Qiagen). In some experiments, to maximize levels of substrate acetylation, 10 mM nicotinamide was added for the last 14 h before cell harvest. Sirt1 protein was obtained by transfecting a FLAG-tagged wild-type or deacetylase-inactive Sirt1 expression construct (4 g) into HeLa cells. The epitope product was purified by using an anti-FLAG M2 affinity gel (Sigma) and subsequently eluted competitively with five one-column volumes of a solution containing 100 g/ml FLAG peptide (Sigma) in TBS [10 mM Tris⅐HCl, 150 mM NaCl (pH 7.4)].
The deacetylase reaction was performed in the presence or absence of Sirt1 or NAD (10 mM). Equal amounts of acetylated substrate were added to each tube, and the deacetylation reaction was performed for 2 h at 37°C in assay buffer [50 mM Tris⅐HCl, 1 mM MgCl 2, and 150 mM NaCl (pH 8.0)] by using, where indicated, Ϸ300 ng of purified Sirt1 in a total reaction volume of 50 l. The deacetylation of each protein substrate was subsequently detected after SDS/PAGE, transfer to nitrocellulose, and immunodetection with an anti-acetyllysine antibody as above.
Pyruvate Treatment and in Vivo Analysis. Heterozygous mating pairs of Sirt1 ϩ/Ϫ mice were randomly assigned to either PBS or ethyl pyruvate (Sigma) injections. For the last 6 -8 days before birth, pregnant mothers received either daily PBS or ethyl pyruvate (40 mg/kg) injection with a volume of 0.4 ml per dose. Ethyl pyruvate was initially dissolved in ethanol and then diluted in PBS. After birth, unless indicated, mice were allowed to feed if they were capable, and survival was assessed in hours after birth. Only live births whose timing of delivery could be accurately assessed were included in this analysis.
For electron micrographs, tissues were first washed several times in PBS, fixed in PBS-buffered 2.5% glutaraldehyde (Sigma), postfixed in 0.5% osmium tetroxide, and embedded into Spurr's epoxy resin (Ladd Research Industries). Ultrathin sections were stained with uranyl acetate-lead citrate and viewed with a Phillips CM10 transmission electron microscope.
